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Abstract

MHD-induced energetic ion loss in neutral beam heated H-mode discharges in NSTX
is discussed.  A rich variety of energetic ion behavior resulting from magnetohydrodynamic
(MHD) activity is observed in NSTX using a horizontally scanning neutral particle analyzer
whose sightline views across the three co-injected neutral beams. Reconnection events,
sawteeth and bounce fishbones are observed to cause prompt loss (or redistribution) of
energetic ions (E ~ 10 - 100 keV) on a time scale of ≤ 1 ms and, consequently, a
precipitous drop in the neutron yield.   On the other hand, onset of low-n MHD modes
leads to a much slower decay of the energetic ions and neutron yield.    MHD-induced ion
loss during H-mode operation in NSTX exhibits yet another phenomenon.  After H-mode
onset, the NPA spectrum usually exhibits a significant loss of energetic ions mainly for E >
Eb/2 where Eb is the beam injection energy, although this loss occasionally extends to
lower energy.  The magnitude of the energetic ion loss diminishes with increasing
tangency radius of the NPA sightline, increasing toroidal field and increasing NB injection
energy.  Modeling suggests that MHD-induced ion loss is enhanced during H-mode
operation due to an evolution of the q and beam deposition profiles that feeds both
passing and trapped ions into the region of the plasma affected by the low-n MHD activity.
Analysis of the particle interaction with a model magnetic perturbation supports the energy
selectivity of the observed MHD-induced loss.  Transport analysis using a fast ion diffusion
model to emulate MHD-induced energetic ion loss shows significant modifications of the
heating produced by the neutral beam which changes the inferred power balance, thermal
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diffusivities and the thermal energy confinement time.  An accounting of energetic ion loss
is therefore important for proper analysis of power balance and transport in plasmas
exhibiting MHD-induced energetic ion loss.

1.  Introduction

The National Spherical Torus Experiment (NSTX) [1] is a midsize low aspect ratio
fusion research facility with auxiliary heating from Neutral Beam Injection (NBI) and High

Harmonic Fast Wave (HHFW) launch. Typical NSTX parameters are major radius R0 =
0.85 - 0.9 m, minor radius a = 0.67 m resulting in an aspect ratio of A = Ro/a ~ 1.3, plasma
current Ip"= 0.3 -"1.5"MA and toroidal field BT ="0.3 - 0.6"T. Three co-directed deuterium

neutral beam sources have injected power up to PNB"= 7"MW at neutral energies up to Eb

="100 keV.  HHFW heating at 30 MHz has delivered up to PRF"~"5 MW to deuterium and
helium plasmas.

Determining the attractiveness of the spherical torus concept [2] in the areas of high-b

stability, confinement, non-inductive current drive and divertor physics for pulse lengths
much longer than the current relaxation time is the mission of the NSTX device.  The
performance achieved to date in NSTX has been reported elsewhere [3-6]. H-modes
triggered by NBI heating are routinely obtained in NSTX and have become a standard
operational scenario [7].   L-H transitions triggered by NBI heating have been obtained
over a wide parameter range in Ip, BT and ne in either lower-single-null or double-null
diverted discharges with elongation k up to  2.4, triangularity d  up to  0.8 and plasma pulse

length approaching 1 s.  To date NSTX has achieved, non-simultaneously, stored energies
up to 0.39 MJ, energy confinement times tE < 0.12 s and bT ≤ 35% [3]; bT = <p>/(B0

2/2m0)

where <p> is the volume averaged total pressure and B0 is the vacuum magnetic field at
R0.

 The magnetic field topology in spherical tokamaks can cause energetic ion
behavior to differ in several aspects, sometimes subtle, from that in conventional aspect
ratio tokamaks. To begin with, spherical tokamaks operate at significantly lower magnetic
field than do most tokamaks; e.g. BT = 0.3 - 0.6 T in NSTX compared to 2 – 5 T in
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conventional aspect ratio tokamaks. In conventional tokamaks, the poloidal magnetic field
strength typically is much less than the toroidal field.  As a result, the radial excursion of an
energetic ion drift orbit is roughly the size of a poloidal gyroradius, which is considerably
greater than the size of the Larmor radius.  In spherical tokamaks, however, the poloidal
magnetic field strength can exceed that of the toroidal field and the radial extent of the drift
orbit can be comparable to the Larmor orbit. In conjunction with a relatively small major
radius relative to the minor radius, this leads to modification of orbit topologies [2,8,9],
particle drifts [10], behavior of Alfvén-type instabilities [11,12], and neoclassical transport
[13,14].  For example, the gyroradius of 80 keV D co-injected NB heating ions in NSTX can
be ~ 0.3 m at the outboard midplane of the plasma. This is a sizable fraction of the 0.68 m
minor radius of a typical plasma. As a result, energetic ion orbits in NSTX exhibit some
features not seen in conventional tokomak orbits.  For instance, banana orbits have larger
radial excursion near the banana tip than near their midplane crossings, which is the
widest part of the orbit in a standard tokamak.  New orbit types can exist [2,8,9]; for
example, those with no mid-plane crossing (teardrop orbits) and those with magnetic
mirrors at four places.

The large fast-ion gyroradius in a spherical tokamak also can be comparable to the
gradient scale length of the magnetic field, meaning that the energetic ion magnetic
moment (m) may not be well conserved and energetic neutral beam ions could be non-

adiabatic.  The magnetic moment, m, is the first order term of the magnetic moment

polynomial expansion in terms of the adiabaticity parameter and is given by m = E^/B,

where E^ is the particle energy perpendicular to the magnetic field and B is the magnetic

field strength.  If m invariance is broken, then it is possible that orbit stochasticity can cause

fast ions to be lost.  Indeed, stochasticity in NB ion orbits in NSTX has been found in orbit
modeling [15] due to resonant interaction between gyromotion and bounce motion.
However, due to the conservation of the canonical angular momentum, the net effect of the
loss of m invariance is quite small and changes in magnetic moment are not expected to

lead to a significant reduction in the confinement of co-injected beam ions in NSTX [16].
Prompt loss to the walls can also be augmented by the large gyroradius of energetic

ions in spherical tokamaks as evidenced by numerical simulations [17].  The prompt loss of
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neutral beam ions from NSTX is expected to be between 12% and 42% of the total beam
power, depending on the plasma current  (1 MA to 0.6 MA).  Such losses are diagnosed
either from temperature measurements of ion deposition on first wall structures or by
Faraday cup probes [18] which detect ions on loss orbits. Losses of ions with energy
above 1 keV in NSTX have been measured with a Faraday cup probe located at the vessel
midplane [19]. In addition to this prompt loss to first-wall structures, orbit excursions
beyond the separatrix combined with high atomic and molecular density enveloping the
plasma can result in a depletion of the energetic ion population due to the energy-
dependent charge-exchange losses. This can create a ‘bump-on-tail’ in the energetic ion
distribution [20] that could excite instabilities and lead to further loss processes.

Resonant interaction of high-energy particles with magnetic perturbations in toroidal
devices can produce large-scale modification of the particle distribution, sometimes
leading to particle loss. Spherical tokamaks, including NSTX [21,22], START [23] and
MAST [24,25], are particularly susceptible to fast-ion driven instabilities, due primarily to
their relatively low toroidal field, but also due to the direct effect of the low aspect ratio.
The Alfvénic modes are readily excited in NSTX as the neutral-beam full-energy ion
velocity is typically two to four times the Alfvén speed and because the Larmor radius of
the fast ions is large compared to the minor radius, enhancing mode-particle interactions.
Several classes of energetic-ion-induced MHD modes have been observed in NSTX and
clear evidence of energetic ion losses has been seen in conjunction with at least two forms
these modes [22]. For most NSTX beam heated plasmas, toroidal Alfvén eigenmodes
(TAE) are quasi-continuous and have no detectable effect on plasma performance.
However, in experiments in which H-modes with broad density profiles were created in
plasmas with relatively high q on axis, the TAE became strongly bursting and chirped
down in frequency.  Concurrently with the bursts, rapid drops (10% - 15%) in the neutron
rate were observed as well as bursts of energetic-ion loss and Da line emission. These
modes differ substantially from the usual precession-resonance fishbone mode seen in
conventional aspect ratio tokamaks. They have been identified as bounce precession
frequency fishbone modes [26] that are predicted to be important in high current, low
shear discharges with a significant population of trapped particles having a large mean
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bounce angle, such as produced by near tangential beam injection into a small aspect
ratio device like NSTX [26].

This paper addresses low-n MHD-induced energetic ion loss, specifically in H-mode
discharges where the broad, high-density profiles play a significant role in the loss process.
For reference purposes, observations of classical ion behavior in MHD quiescent plasmas
are presented in Section 2.  The phenomenology of MHD-induced energetic ion loss
observations in H-mode discharges is presented in Section 3. In Section 4, TRANSP
modeling is used to develop a plausible mechanism that accounts for the enhancement of
MHD-induced ion loss in H-mode plasmas.  Use of the ORBIT code to account for the
observed energy dependence of the ion loss is discussed in Section 5.  An analysis of the
impact of energetic ion loss on TRANSP calculations of the neutron yield, power balance
and transport is given in Section 6. The penultimate section gives a discussion of the
reported experimental observations and numerical simulations and a summary is given in
Section 8.

2. Classical Behavior in Quiescent Plasmas

Before describing the effects of MHD activity, it is useful to establish a baseline for
energetic ion behavior in quiescent plasmas in NSTX derived from NPA measurements.
First a description of the diagnostic used to measure energetic ion distributions is given.
The NPA diagnostic on NSTX utilizes a PPPL-designed E||B spectrometer [27] which
measures the energy spectra of H and D neutrals simultaneously with a time resolution of
~1 ms set by signal-to-noise levels.  The calibrated energy range is E = 0.5 – 150 keV and
the energy resolution varies from DE/E = 7% at low E to DE/E = 3% at high E. The detector

consists of a large area microchannel plate that is provided with two rectangular, semi-
continuous active area rows for detecting H and D. Each mass row has 39 energy
channels.  The NPA measures Maxwellian spectra of residual hydrogen in deuterium
plasmas to obtain ion temperatures [28] and deuterium energetic ion spectra produced by
injection of neutral beams into deuterium plasma [29].  The NPA views across the co-

injection paths of the three neutral beam lines on NSTX that inject at RNB of ~ 0.7 m
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(source A), ~ 0.6 m (source B) and ~ 0.5 m (source C) as shown in Figure 1.  In NSTX, by
convention the neutral beam tangency radii are positive for injection in the co-direction.
On the other hand, the convention adopted for the NPA is that positive sightline tangency
radii correspond to viewing co-directed ions.

The horizontal scanning capability for the NPA over a sightline tangency range of Rtan

= 1.25 m to Rtan = - 0.75 m has enabled measurement of the anisotropic energy distribution
of the beam ions, as illustrated in Figures 2a and 2b.  These spectra were derived from
energy distributions measured on a shot-to-shot basis over eleven semi-reproducible
discharges.  For these L-mode discharges, Ip"= 0.85"MA, BT ="0.58"T and source B was

injected with Eb = 80 keV, PNB"= 1.7 MW in the time interval t = 100 – 200 ms during the

current ramp up.  Over this time the line average electron density varied from   ne = 1.2 –
2.0 x 1019 m-3.  Variation of the electron temperature from Multi-Pulse Thomson Scattering
(MPTS) [30] was Te(0) = 0.4 – 0.7 keV and the ion temperature from Charge Exchange
Recombination Spectroscopy (CHERS) [31] was Ti(0) = 0.3 – 1.0 keV. Details about these
and other NSTX diagnostics can be found elsewhere [32].  Figure 2a shows the spectrum
obtained 10 ms after start of injection.  Here the spectrum peaks around the beam injection
tangency radius, RNB"~ 0.6 m, and the full, half and third beam energy components are

evident.  The spectrum is highly anisotropic with the ion population depleting with
decreasing NPA tangency radius.  This occurs because decreasing tangency radius
corresponds to decreasing pitch and therefore to beam deposition on trapped orbits,
whereas the co-injected tangential NB deposits ions primarily on passing orbits with pitch
approaching unity.  Figure 2b shows the spectrum measured 40 ms later at which time the
beam ions have slowed down substantially so that the beam fractional energies are barely
evident. Evidence of the spectrum filling in below the critical energy Ecrit ~ 15 keV  due to
pitch angle scattering can be seen.
 It is instructive to compare the measurements with the classical characteristic slowing
down and 90o pitch angle scattering times based on Coulomb collision theory [33].  For the
present purposes, a deuterium beam ion with mass Ab, charge Zb, and full energy Eb is
considered.  As introduced by Stix [34], the time for such an energetic ion to thermalize is
given by
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† 

t th =
t se

3
ln 1+ (Eb / Ecrit )

3 / 2[ ]                                   (1)

where tse is the slowing-down time on electrons first defined by Spitzer [35]: 

                                   

† 

t se = 6.27 ¥1014 AbTe
3 / 2

Zb
2ne ln Le

.                                     (2)

Ecrit , the critical energy at which ions and electrons receive a equal energy transfer from
the beam ions, is given by

                                      

† 

Ecrit =14.8AbTe( Zi[ ]
Ai

)2 / 3                                       (3)

where the average charge to mass ratio of the bulk ions (denoted by the subscript ‘i’) is

                                       

† 

Zi[ ]
Ai

=
n j (Z j

2 / A j )ln L jjÂ
ne lnLe

                                (4)

and the subscript ‘j’ indexes the bulk and impurity ion species.  The time for 90o pitch angle
scattering [36,37], tscat, for full energy deuterium ions can be expressed as

                                    

† 

t scat =1.11¥1013 Ab
1/ 2Eb

3 / 2

Zb
2Zeff ne ln L

                               (5)

where

                                    

† 

Zeff =
1

ne lnL
n jZ j

2 ln L j
j

Â                                     (6)
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and the subscript ‘j’ indexes the bulk and impurity ion species.  Units in the above
expressions are time(s), energy(eV), mass(AMU), Te(eV) and ne(m-3).
 For the discharges in which the spectra shown in Figures 2a and 2b were measured,
parameters characteristic of the plasma core are Te(0) ~ 1000 eV, ne(0) ~ 5x1019 m-3, Zeff ~
2, lnL ~ 15, [Zi]/Ai ~ 1.03 and , Ecrit ~ 15 keV yielding a slowing down time of tse ~ 52 ms

and a thermalization time of tth ~ 46 ms for 80 keV deuterium beam ions.  On the other

hand, the time for 90o pitch angle scattering for full energy deuterium ions under these
conditions is tscat ~  236 ms, about five times the thermalization time.

In these discharges, measurement of the pitch angle scattering is limited by the short
duration the beam pulse and evolution of electron density and temperature. Nevertheless,
these measurements indicate that the thermalization (tth ~ 50 ms) and pitch angle

scattering (tscat > 100 ms) times of energetic ions in NSTX quiescent plasmas are

consistent with classical behavior.
Competition between ion energy diffusion and electron drag can give rise to a slope

[38] of the ion energy distribution above the neutral beam injection energy of the form f(E)
~ exp(-E/Teff), where Teff given by

                

† 

Teff =
Ti + (E / Ecrit )

3 / 2Te

1+ (E / Ecrit )
3 / 2 ± t se 9.58x1011 Zb

Ab

| E * |
Æ

vb

(E / Ecrit )
3 / 2

        (7)

is an effective temperature that is a weighted average of the ion and electron
temperatures.  The last term in the denominator which accounts for the effect of the

toroidal electric field, 

† 

| E * |
Æ

,  is O ~ 10-2 in NSTX and can be neglected.  Thus for Ecrit ~ 15
keV, E = 80 keV and Ti ~ 2Te ~ 1keV typical of neutral beam heated discharges, Teff ~ Ti/2
~ 0.5 keV.  Hence, the slope of the neutral beam distribution above the injection energy is
steep and, in fact, cannot be resolved with the NPA energy resolution mentioned earlier.
Hence the absence of measurable slope in NSTX NB spectra such a shown in Figures 2a
and 2b is expected.
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Other experiments conducted on NSTX support classical behavior of energetic ions
in discharges exhibiting benign MHD activity.  The confinement of dilute populations of
beam ions in NSTX was investigated by injecting short ~ 3 ms pulses (or “blips”) of 80 keV
deuterium neutrals [39]. The neutron decay rate versus time after the beam blip ends was
compared with the decay rate expected due to collisional slowing down as well as the
evolution of the energetic ion spectra measured by the neutral particle analyzer.  The
temporal evolutions of the neutron yield and neutral particle spectra were found to be
consistent with Coulomb scattering rates, implying an effective beam-ion confinement time
> 100 ms.

High Harmonic Fast Wave (HHFW) launch [40] has been employed on NSTX  to
provide both auxiliary electron heating [41] and current drive in Ohmic plasmas.  The
HHFW frequency is 30 MHz with a variable spectrum of wavenumbers k// = 7 – 14 m-1 and
power levels up to PRF ~ 5 MW.  When HHFW and NBI heating are combined, acceleration
of energetic ions above the NB full energy is observed.  For a typical deuterium NB
injection energy of 80 keV, the energetic ion ‘tails’ can extend up to 130 keV and
enhancement of the neutron yield is also observed.  Following turn off of the HHFW
power, both the RF-induced ion tail and the elevated neutron yield decay to NB only
values on a time scale consistent with classical slowing down [42].

3. Energetic Ion Loss Observations

A rich variety of energetic deuterium ion behavior resulting from
magnetohydrodynamic (MHD) activity has been observed in NSTX [43] using the neutral
particle analyzer diagnostic. The appearance of MHD activity can have a pronounced
effect on both the ‘thermal’ (E ~ 0.5 – 10 keV) and ‘energetic’ (E ~ 10 – 100 keV) ion
populations in NSTX.  For example, onset of an n = 1 or n = 2 mode often leads to rollover
and relatively slow decay of the energetic ion population and, consequently, the neutron
yield. The effect of reconnection events [29], sawteeth and bounce fishbones [26] differs
from that observed for low-n MHD modes.  In these cases, prompt loss of the energetic ion
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population occurs on a time scale of ≤ 1 ms and a precipitous drop in the neutron yield
occurs.

This section deals with low-n MHD-induced energetic ion loss, specifically in H-
mode discharges where broad and high-density profiles play a significant role in the loss
process. The analysis presented herein draws on a database of NSTX discharges run in
the late 2002 and early 2003 time period.  A subset of the most relevant discharges is
given in Table 1.  Here the percentage decrease (loss) of the NPA signal at E = 60 keV
was measured at an interval of time DtLoss(s) after the H-mode onset time.  The discharges

were all double null diverted with Ip = 0.8 MA (except as noted) and deuterium neutral
beam injection energies spanning 80 – 100 keV.  H-mode transitions occurred near the
start of the current flattop except for a late transition case in SN109828.  SN108730 was
selected for detailed discussion here and additional performance features of this discharge
were reported previously [5].

Table 1 MHD-Induced Energetic Ion Loss Database

Shot
Number

NPA
RTAN(cm)

BT(T) Eb0 (keV)
A/B/C

Loss (%)
@ 60 KeV

H-mode
Onset (s)

DtLoss(s)

108720 92 0.44 90/90/0 71 0.226 0.209

108728 92 0.53 90/90/0 50 0.240 0.080
108729 92 0.48 90/90/0 68 0.245 0.150
108730 70 0.49 90/90/0 75 0.230 0.205
108731 45 0.49 90/90/0 86 0.245 0.240
108872* 90 0.44 100/92/0 50 0.258 0.180
109015 70 0.40 80/80/0 86 0.228 0.156

109070 92 0.49 95/95/80 56 0.228 0.129
109828* 48 0.44 80/80/0 72 0.358 0.077
110184 70 0.44 80/80/0 90 0.182 0.356

Ip = 800 kA except * Ip = 950 kA
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An example of MHD-induced energetic ion loss during an H-mode for NSTX
discharge SN108730 is presented in Figure 3. The upper panel shows the NPA spectrum
of energetic NB deuterium ions as a function of energy and time.  Following H-mode onset
at 230 ms, the spectrum exhibits a significant loss of energetic ions only for E > Eb/2
(encircled region). Selected discharge waveforms are shown in the lower panel.  From the
top, this is an Ip = 0.8 MA discharge with sources A and B injecting a total of PNB = 4.2 MW
of power with an injection energy of Eb = 90 keV.  At the onset of the H-mode marked by
the dashed line passing through the drop in the Da signal, little change is observed in the

evolution of the neutron yield, Sn, the toroidal rotation velocity from the CHERS diagnostic,
Vf, or the NPA signal, SNPA, shown here for 60 keV deuterium neutrals just above the

beam half energy Eb/2 = 45 keV.  Shortly afterwards around 280 ms, however, the neutron
yield and toroidal rotation velocity clamp concurrently with onset of decay in the NPA
signal.  The last panel shows the Mirnov spectrogram identifying the MHD mode activity.
Although n = 1 activity prior to H-mode onset arguably might affect the NPA signal
evolution, this period is complicated by NB turn on events and will not be examined
further. In the first ~ 50 ms of the H-mode, MHD activity vanishes to give a quiescent
phase where SNPA remains relatively constant.  At ~ 280 ms, strong n = 3,2 activity arises
with mode amplitude dB ~ 0.5 Gauss and simultaneously SNPA begins to decay and the

neutron yield clamps.  In the time interval from 280 – 400 ms, SNPA diminishes by ~ 75%.
Depletion of energetic ions with E > Eb/2 ‘saturates’ and persists until termination of the H-
mode by a reconnection event.

Figure 4 shows MPTS measurements of the electron density profiles around the
time of H-mode onset (upper panel) and evolution of the electron temperature (diamonds)
and line integral density (circles) overlaid with waveforms for plasma current and beam
power (lower panel). The electron density profiles correspond to times flagged by color-
coded solid circles on the trace for the line integral density.  In the electron density profile
plot, the shaded region denotes the approximate radial location of the source of the NPA
signal.  As discussed below, TRANSP simulation shows that the NPA charge exchange
signal arises primarily in the region where the NPA sightline and NB injection axes
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intersect.  This is because the density of beam primary and halo neutrals in this region
exceeds the passive wall neutral density by at least an order of magnitude.

The TRANSP code [44, 45] is capable of simulating the NPA neutral flux
measurements including horizontal and vertical scanning of the sightline.  In the top panel
of Figure 5 it can be seen that prior to H-mode onset (upper spectra) reasonable
agreement exists between measurement and simulation at all energies.  The observed
MHD-induced ion loss during the H-mode (shaded region in the lower spectra) is not
reproduced by TRANSP, of course, since the code does not contain a model for this
process but otherwise the two spectra also agree reasonably well.  From the TRANSP
simulation one may infer that plasma opacity effects due broad electron density profiles
characteristic of H-modes neither impair beam deposition (e g. by depositing beam ions on
prompt loss orbits) nor cause the observed ion loss.

The neutron production in NSTX is predominantly from beam-target reactions.
Thus the neutron rate is a robust measure of the energetic ion population. As seen in the
lower panel of Figure 5, for SN108730 the neutron yield calculated by TRANSP exceeds
the measured neutron yield following MHD onset during the H-mode phase by ~ 25%.
This neutron rate discrepancy will be further addressed in Section 6.

The magnitude of the energetic ion loss (decrease of SNPA in the region E > Eb/2)
was observed to diminish with increasing tangency radius, Rtan, of the NPA sightline and
with increasing NB injection energy, Eb, as illustrated in Figure 6.  In addition, the loss
diminishes with increasing toroidal field but a sparse data set exists since the available
range was only BT = 0.44 – 0.53 T.

Spatial localization of the NPA flux arises from the intersection of the diagnostic
sightline with the NB sources as illustrated in Figures 7 and 8.  Figure 7 shows TRANSP
calculation of the charge exchange emissivity for a 60 keV deuterium energetic ion energy
and a sightline tangency radius of Rtan = 0.7 m (blue curve) overlaid with the total beam
neutral density for Source A (red curve).  The curves are plotted as a function of distance
along the NPA sightline measured from the pivot point of the diagnostic (see Figure 1).
Also shown is the pitch angle variation along the sightline (black curve).  As can be seen,
the charge exchange emissivity is significantly localized due to charge exchange on the
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beam primary and halo neutrals. In this case, approximately 2/3 of the integrated flux
originates from the intersection of the NPA sightline with the NB region where ions are
born on passing orbits. The remainder originates in the outboard regions of the plasma
where ions are more likely to be deposited on trapped orbits.  Note that the spatial
localization of the NPA signal weakens with decreasing NPA tangency radius, Rtan, due to
attenuation of the beam neutral density with increasing penetration distance.  The pitch
angle ‘range’ sampled by the NPA is obtained from this plot by noting the values of the
pitch angle at the rising and falling edges of the beam neutral density curve.  This process
was repeated for Sources B and C and for other NPA tangency radii to obtain the curves
shown in Figure 8.  Two features are to be noted.  First, the pitch angle sampled by the
NPA varies only weakly with the NB source.  Second, the pitch angle range corresponding
to the variation of ion loss with NPA Rtan shown in Figure 6 is approximately v||/v ~ 0.6 –
1.0.  Thus the NPA detects primarily passing energetic ions.

4. TRANSP Analysis of the Energetic Ion Loss Mechanism

TRANSP modeling suggests a possible mechanism causing the enhancement of
MHD-induced ion loss observed during H-mode operation as illustrated in Figure 9.  Shown
are TRANSP outputs for t = 220 ms prior to the H-mode (dashed blue curves) and t = 280
ms during the H-mode (solid red curves) corresponding to onset of the NPA signal decay
(see Figure 3).  The shaded bar near r/a ~ 0.6 denotes the predominant region of MHD
activity detected by the ultra soft x-ray diagnostic arrays.  MPTS input profiles are shown
for the electron density and temperature in panels (a) and (e), respectively.  Following the
transition to the H-mode, the evolution of these profiles drives a broadening and edge-
gradient steepening of the pressure profile that in turn evolves the plasma current density
profile as shown in panel (f), this change being largely due to bootstrap driven current. As a
result, the q-profile evolves so as to introduce a q = 2.5 surface in the shaded region where
MHD activity was identified as noted earlier. (There is as yet no direct measurement of the
q profile on NSTX; it is inferred via fitting of the magnetics data with the code EFIT [46,47].)
Thus low-n MHD activity arises as shown in the Mirnov spectrogram in panel (e).
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Concurrently, the broad density profile shifts a significant fraction of core-weighted beam
deposition to the MHD-active region as shown in panel (b).  Volume integration of the
beam deposition over the region 0.3 < r/a < 0.9 and conversion to power gives Pdep = 1.0
MW at t = 0.220 s and Pdep = 1.5 MW at t = 0.280 s.  An increased fraction of this out-
shifted power, DPdep = 0.5 MW, is deposited on trapped banana orbits as shown in panel

(c).  From this we infer that MHD-induced ion loss is enhanced during H-mode operation
due to a congruous evolution of the q profile and beam deposition profile which feeds
beam ions into the region of low-n MHD activity in the region r/a ~ 0.6, leading to depletion
of the NPA energetic ion spectrum shown in panel (d). The reason for selective loss of the
more energetic ions will be discussed in Sec. 5.

The above behavior is typical for discharges like SN108730 in which an early H-mode
occurs shortly after turn on of the second neutral beam source.  The contention that low-n
MHD activity and the H-mode must coexist to create enhanced ion loss is clearly illustrated
in SN109828.  As can be seen in Table 1, this discharge has a late H-mode onset
compared with other shots in the energetic loss database.  Figure 10 shows selected
waveforms for this discharge.  The top panel provides the plasma current (blue curve),
neutral beam heating power (red) and Da traces with the H-mode transition at 358 ms

marked by the dashed line through the drop in the Da  signal.  Waveforms for the neutron

rate, Sn, and the neutral particle analyzer signal, Snpa, at Eb = 60 keV are presented in the
center panel.  The Mirnov coil spectrogram in the bottom panel shows the MHD low-n
mode activity.  It can be seen that the n = 1,2,3 activity that sets in at 300 ms appears to
have little or no effect on the neutron and NPA signals, though this claim might be
obscured by the coincident turn on of the second neutral beam.  However, at the H-mode
transition a marked reduction in the NPA signal occurs followed by a drop off in the neutron
rate.  Thus is can be concluded that MHD activity alone does not induce significant ion loss
but that MHD activity in conjunction with an H-mode does.

It must be emphasized that MHD-induced energetic ion loss during H-modes is not a
consequence of any H-mode characteristic other than the broad, high-density profiles that
invariably occur.  MHD-induced energetic ion loss has also been occasionally observed in
L-mode discharges that have unusually high, broad electron density profiles.
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5. ORBIT Simulation of Energetic Ion Loss

The ORBIT code [48,49] was used to model the effect of MHD modes on the
confinement of beam ions in NSTX.  The ORBIT code, which can handle highly noncircular
geometries as well as nonaxisymmetric magnetic field perturbations, follows beam ion
guiding center orbits and calculates the effect MHD modes have on the energetic ion
distribution.  For realistic simulations we employ an EFIT numerical equilibrium and model
MHD activity based on the experimental observations.  MHD activity was measured as
being dominated by one m = 4 poloidal harmonic at n = 2.  The vector of the perturbed
magnetic field is described by the formula 

† 

dB = — ¥aB , where the scalar function a is

approximated in a simple manner consistent with the MHD mode by

                      

† 

a ~ 1- nq /m( ) r /rs( )m sin nf - mq( )                                    (8)

if r < rs and decreases rapidly with minor radius at r > rs where rs is the minor radius (square
root of the normalized toroidal magnetic flux) of the rational magnetic surface and f is the

toroidal angle.  Note that in the simulations, a is normalized at its maximum to the

amplitude a0.  The magnetic field amplitude is approximately dB/B ~ ma0 if the shear is

small.  In the simulations, the plasma toroidal rotation is included in the form of the radial

electric field potential 

† 

f[keV ] = -54.3y 1- 0.93y 0.1( ), which is a monotonic function changing

from zero at the plasma center to –3.8 keV at the edge.  This provides a strong rotation of
wf = 2.4 x 105 rad-1s-1 in the core. To illustrate the mechanism of passing particle interaction

with the mode we write the resonance condition, which includes the local Doppler shift due
to the E x B drift,

                             

† 

w -wE¥B - k|| + l /qR( )v|| = 0.                                         (9)
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Here w is the MHD mode frequency and in the limit of high aspect ratio one can

approximate 

† 

k|| = m - nq( ) /qR  and 

† 

l = ±1 due to the poloidal modulation of the ion drift

velocity components.  Note that in NSTX due to the large radial width of the beam ion drift
orbit, which is comparable with the minor radius and on the order of the mode width, 

† 

| l |

may be larger than unity [50].  The MHD activity has approximately constant (and low)
frequency 

† 

w -wE¥B << v|| /qR .  Hence for the passing particles (representing the majority of

particles measured by the NPA) the resonance in Equation (9) is possible if 

† 

k|| + l <<1.  For

example, for the m = 4, n = 2 mode and 

† 

l = ±1 the local resonance is possible near the q =
2.5 surface.  Due to the orbit width, however, particles interact with perturbations even if
they satisfy the resonance condition only on part of their trajectory, which leads to high
values of l.  Note that the resonance condition of Equation (9) is velocity dependent, so
that the low energy particles should have less response from the mode due to the smaller
orbit width and smaller v || term, which leads to narrower radial locations of possible
resonances.

In running the ORBIT code, beam ions were launched in the phase space where the
NPA signal peaks (see Figure 7).  The pitch of the observed particles at the moment of
charge exchange with the neutrals is approximately given by the dependence

† 

c ≡ v|| /v =1.5125 - 0.629Rcx[m] where Rcx is the distance along the NPA sightline.  Two

groups of particles were investigated: passing and trapped.  When the passing particles
are launched they are initially distributed isotropically within the pitch range 0.8 < c < 0.9

with a flat distribution.  Trapped particles are distributed within the window 0.55 < c < 0.7.

At the end of the run, particles are recorded within a ± 0.02 pitch angle range from the NPA
viewing sightline (note the results are only slightly sensitive to this number).  Beam ions are
started with single energies of Eb = 80 and 40 keV and are allowed to slow down and
scatter due to collisions for 10 ms. Figure 11a shows the results of simulations for passing
particles with the two values of injected energies and reveals, as expected, that high-
energy particles are more strongly affected by the perturbations.  The signal from the high-
energy ions is reduced by as much as 60% from the unperturbed case. The 40 keV energy
beam ions are less affected with the signal falling within the statistical error, which was
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around 20% in this case.  It is interesting to note from Figure 11b the correlation of the
expected NPA signal with the value of the safety factor, which was scaled by multiplying
the whole q-profile with a scaling factor, so that the factor 1.0 corresponds to the
experimentally analyzed plasma.  As was argued above, this sensitivity is expected due
the k|| dependence on q.  The ORBIT simulations indicated that the trapped particles are
not affected by the perturbation.

Introduction of the electric field, as the simulations show, changes the nature of the
mode particle resonance interactions because the E x B drift induces a Doppler shift that is
a function of particle position.  This is different from the recent modeling [51] in which the
electric field and mode rotation frequency were ignored.  In Ref [51], MHD perturbation
induced a physical space island, whereas in our case due to large orbit widths the
interaction is much broader and forms many islands in the phase space.  As the
simulations show, high harmonics 

† 

| l | > 1 result in stochastic phase space diffusion of
passing ions.

With the ORBIT code one can study the losses of beam ions.  Here we specify the
initial distribution of beam ions assuming tangential injection at Eb = 80 keV similar to the
conditions used in the experiment.  Without the perturbation, beam ions are lost promptly
with a loss fraction of about 9%.  MHD activity enhances these losses by almost doubling
them at a0 = 3 x 10-4, as shown in Figure 12.  For this case, the mode amplitude of the

MHD activity measured at the plasma edge is dB/B ~ 2 x 10-4, which is much less than the

value required in ORBIT (dB/B ~ ma0 ~ 12 x 10-4) for quantitative agreement between the

ORBIT modeling the experiment results from NPA measurements.  This is expected
because the edge amplitude is smaller due to the envelope of the MHD mode decaying
strongly towards the plasma edge and even further in the vacuum region where the
measurements are made.  Further analysis of this matter is outside the scope of this paper.

6. Impact of Energetic Ion Loss on Neutron Yield and Transport Analysis

It is well documented that MHD activity of various types can have various effects on
ion behavior in both conventional [52,53] and spherical [26] tokamaks and in particular
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MHD activity can induce energetic ion loss.  To palliate the lack of a physics-based model
in TRANSP for MHD-induced loss of energetic ions, an existing capability to modify the
energetic ion diffusion in a manner that approximates MHD loss is invoked.  Note that
energetic ion diffusion is generally small in conventional tokamaks [52] and there is no
evidence so far that this is not the case in spherical tokamaks as well.  So the use of
enhanced energetic ion diffusion to emulate the observed MHD ion loss must not be
construed as implying that elevated energetic ion diffusion is a feature unique to spherical
tokamaks.

In the TRANSP model, fast ion diffusion can be enhanced over a specified region of
physical space in the discharge corresponding to localization of the MHD activity as well as
over a specified ion energy range to accommodate the energy-selective loss observed in
the NPA measurements.  The time dependence of the fast ion diffusion can also be
specified.  Two criteria were employed for determining the fast ion diffusion parameters:
the first was to obtain agreement between the measured neutron rate and that generated
by the kinetically based TRANSP simulation, and the second was to simultaneously obtain
agreement with the measured energetic ion distribution as shown in Figure 5.  The
energetic ion diffusion model effecting this goal is as follows: (1) in time, the diffusivity was
ramped up from a small value at the start of beam injection to ci

Fast = 3.8 m2/s at t = 300 ms

and thereafter increased gradually to a value of ci
Fast = 5.0 m2/s at t = 600 ms; (2) in energy,

the diffusivity multiplier was increased from zero at ED  = 45 keV to unity at ED  = 50 keV
where it remained constant until ED  = 75 keV and was then decreased to zero at ED  = 80
keV and remained so up to the injection energy of ED  = 90 keV; (3) in space, the diffusivity
was constant across the plasma minor radius.  The selected energy range corresponds to
the ‘well’ in the NPA ion distribution shown in Figure 5. The ORBIT simulation of the MHD-
induced loss that was described in the previous section also supports this choice of energy
range.  TRANSP results obtained by applying this fast ion diffusion model to SN108730 are
shown in Figures 13 - 19. 

The neutron rates are shown in Figure 13. Here the red curve is the measured
neutron rate, the blue curve is the simulated rate without fast ion diffusion, and the black
curve is with fast ion diffusion.  In both simulations, Zeff = 2.5 over the minor radius and
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D/(H + D) = 0.9, constant in time. The effect on the energetic ion distribution at t = 400 ms
(when the ion loss has nearly saturated as evident in Figure 3) is show in Figure 14. Here
the black curve is the measured energetic ion distribution, the red curve is the simulated
distribution without fast ion diffusion, and the blue curve is with fast ion diffusion.  As can
be seen, an excellent match exists simultaneously between the neutron yield and energetic
ion distribution measurements and the TRANSP simulation with fast ion diffusion.

As shown in the upper panel of Figure 15, invoking fast ion diffusion diminishes the
neutral beam power input to both the electrons (dashed curves) and ions (solid curves) by
the order of 20%.  The NB fast ion orbit loss to the first wall structures (lower panel)
increases by ~ 0.7 MW as a result of the imposed fast ion diffusion. In the next few figures,
it will be seen that the diminished power input to ions and electrons causes TRANSP to
reduce the appropriate diffusivities (hence increase the thermal confinement times) in order
to match the measured ion and electron temperatures used as input to the calculation,

The impact of this ion loss on transport and other parameters of interest is shown in
Figures 16 – 19.  The volume-integrated ion power balance at t = 400 ms is shown in
Figure 16 without (blue curves) and with (red curves) fast ion diffusion.  (Normalized
radius, r/a, is square root of toroidal magnetic flux normalized to total flux.)  In general, the
volume integrated powers for ion conduction and ion heating are lower with fast ion
diffusion than without, as expected. Complementary results for the electron power balance
with and without fast ion diffusion are given in Figure 17.  In the power balance plots, Eheat

is the total electron heating (NB plus Ohmic and ion-electron coupling) and likewise for the
total ion heating, Iheat, except minus the ion-electron coupling.  In both figures, the errors in
the local kinetic measurements and their integrated effects over the volume become
important towards the edge.

Figure 18 shows profiles of the flux surface average thermal diffusivities extracted
from TRANSP power and momentum balance analysis plotted against normalized minor
radius for the time of interest.  The extreme core and edge regions are excluded because
of fluctuations arising from uncertainties in the measured values and/or gradients.   In
these calculations, heating source and loss terms are evaluated, and the unaccounted for
“balance” is assumed to be diffusive and assigned a local diffusivity.  Including energetic
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ion loss reduces the electron and ion diffusivities.  A neoclassical prediction of the ion
diffusivity, ci

NC, obtained from the NCLASS code [54] follows more or less the shape of the

ci  profile and is unchanged with the inclusion of fast ion diffusion.  This is due to the fact

that ci
NC is computed using the neoclassical ion thermal flux from NCLASS and the

measured local gradient and density, ignoring energetic ions. Without fast ion diffusion,
one sees that ci ~ ci

NC in the core region, but that ci  < c i
NC in the edge region.  A similar

trend is observed with fast ion diffusion, but including fast ion diffusion causes ci to

plummet drastically in the outer region to ci  << ci
NC. The energetic ion diffusivity, ci

Fast ~ 4

m2/s (green line), modestly exceeds ci
NC outside the core region and  ci

Fast >> ci . As can be

seen in the lower panel of Figure 3, the central toroidal rotation velocity, vF(0) ~ 250 kms-1,

is substantial for SN108730.  Inclusion of fast ion diffusion also reduces the inferred
momentum diffusivity, 

† 

cf , drastically as TRANSP responds to maintaining the measured

input toroidal rotation in the face of ~ 20% reduction of the NB drive.  As a result, the
momentum confinement time increases from ~ 80 ms without fast ion diffusion to ~ 160 ms
with fast ion diffusion.

In most NSTX discharges, the electron thermal confinement is large relative to the ion
thermal confinement [55] with ce >> ci

NC over the resolved normalized minor radius.  This

does not appear to be the case here since ce ~ ci
NC.  Inclusion of fast ion diffusion, in fact,

modestly reduces ce.

Figure 19a shows the total energy confinement time, tE, and Figure 19b the toroidal

beta, bT, with and without fast ion diffusion. Of note here is that the confinement time with

fast ion diffusion (red curve) is larger than without fast ion diffusion (blue curve).  This is
understandable, since loss of neutral beam heating power as a result of MHD-induced
energetic ion loss naturally requires improved energy confinement to realize the measured
input values for Te and Ti .  On the other hand, toroidal beta decreases with the inclusion of
fast ion diffusion.  This is due to the fact that fast ion diffusion reduces both the parallel and
perpendicular energetic ion betas by ~ 25% due to a reduction in the energetic ion
pressure profile. (Note that non-thermal ions usually contribute ~ 25-30% to the stored
energy and toroidal beta in NSTX.)
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It is instructive to apply a simple analytical model to the measured ion distribution
presented in Figure 5 to estimate the energetic ion loss time, tloss.  The steady state

distribution function should satisfy St(f) – f/tloss + Q - S = 0 where Q and S are the source and

sink of beam ions, respectively, and tloss is their characteristic loss time which is introduced

following Ref. [56].  Beam ions are thermalized from the velocity at injection until they form
the background species at low velocity.  During slowing down, the beam ion distribution
function satisfies the equation

                              

† 

1
t slowv2

∂
∂v

(v3 + v*
3)f -  f

t loss

= 0                                (8)

where tse is the slowing down time on electrons and v* is the critical velocity. The solution to

Equation (8) is the familiar slowing down distribution function f ~ 1/(v3 + v*
3) if tloss

† 

Æ •.  At

finite tloss we obtain

                                      

† 

f = Cnb

v 3 + v*
3

v 3 + v*
3

vb
3 + v*

3

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

t se / 3t loss

                          (9)

where vb is the beam ion birth velocity, C is the normalization constant and nb is the beam
ion density.  By adjusting the loss time, an approximate fit of Equation (9) to the measured
spectrum is obtained as shown in Figure 20.  This dependence translates to tloss = tse/15.

This approximate energetic ion loss time, tloss = tse/15, can be compared with a loss

time derived from the energetic ion diffusion model used in TRANSP.  From TRANSP for
SN108730, tse ~ 60 ms in the plasma core region, so the ‘analytic’ calculation implies tloss ~

4 ms. Defining a ‘numerical’ loss time, 

† 

t Loss
TRANSP , as

                                           

† 

t Loss
TRANSP =

DL( )2

c i
Fast                                               (10)
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where 

† 

c i
Fast is the diffusivity from the fast ion diffusion model and 

† 

DL  is a characteristic

diffusion distance. Taking  

† 

c i
Fast = 4 m2/s and 

† 

DL  ~ 0.2 m (approximately the distance from

the MHD active region to the plasma periphery demarked in Figure 9) yields a loss time,

† 

t Loss
TRANSP ~ 10 ms which agrees reasonably well with the analytic value. In the absence of

MHD, the beam-ion confinement time in NSTX was determined to be ≥ 100 ms based on
‘beam blip’ experiments [39].

7. Discussion

For NSTX beam heated discharges, measurements show that Te < Ti [55] and
progressive thermalization of NB injected fast particles into a thermal plasma maintains
fairly constant central temperatures while the density increases continuously. Since the
NBI system uses beam energies typically many times larger than the 1-2 keV electron
temperature, one expects from classical slowing down physics of energetic particles that
most (~ 2/3) of the neutral beam power would be deposited into the electron population,
which is evidenced in the upper panel of Figure 15.  The experimental observation that Te <
Ti during NBI despite the expected preferential electron heating suggests that the ion
confinement is much better than that of the electrons.  Another viewpoint has been to
surmise that an anomalous process causes enhanced ion heating [57]. From the TRANSP
transport analysis presented herein, it can be inferred that taking energetic ion losses into
account partially ameliorates this recondite situation. This is because the more energetic
ions are lost: i.e. Eb > E/2 and it is this group that does most of the electron heating. Ions
below the half energy provide only a modest amount of electron heating before they slow
down below the critical energy and heat primarily thermal ions.  Thus because of the MHD-
induced energetic ion loss, electron heating is significantly less that one would expect.

In some TRANSP analyses, such as presented herein for SN108730, the calculated
neutron rate significantly exceeds the neutron measurement as seen in Figure 13.  The
absolute error in the measured neutron rate is estimated to be 25% so the disparity
exceeds the error bar shown in this figure. Since neutrons are produced primarily by
beam-target reactions, it is not surprising that the fast ion diffusion had to be raised to a
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value that lead to the ~ 20 % loss of the energetic beam ions for E > Eb/2 as seen in
Figure 14.  The fast ion diffusion used was D ~ 4±1 m2s-1 from t = 0.2 – 0.7 s, which is
significantly larger than the established ‘quiescent plasma’ energetic ion diffusion
coefficient of D < 0.05 m2s-1 reported for the Tokamak Fusion Test Reactor [58,59] as well
as a number of other conventional tokamaks [52].  Note that the reduction in power to the
electrons is DPe ~ 0.4 MW but the power reduction to the ions is only DPi ~ 0.2 MW.

TRANSP compensates for the reduced power by reducing the electron and ion diffusivities
shown in Figure 18 in order to obtain a match with the measured input values for Te and Ti.
In the core region, 

† 

cf  <<  ce  ~ ci
Fast < ci  ~ci

NC with and without fast ion diffusion. In the mid-

radius region, 

† 

cf  <  ci  <  ci
NC ~ ce  ~  ci

Fast both with and without the fast ion diffusion model,

though it can be seen that fast ion diffusion modestly reduces  ce but markedly reduces  ci .

(This ordering of diffusivities is consistent with a previously reported transport analysis of a
similar NSTX neutral beam heated H-mode discharge [55].) In turn, this leads to increased
energy confinement time but to reduced toroidal beta as seen in Figure 19.  As a result of
accounting for MHD-induced energetic ion loss, energy confinement times for H-mode
discharges will be increased relative to L-mode discharges whereas the previously existing
NSTX database shows that energy confinement times for H-mode and the best L-mode
discharges are usually comparable [55]. Note that in the referenced database the
experimental energy confinement times are global (i. e. containing fast-ion stored energy
without subtraction of energetic ion losses) and were determined from EFIT magnetic
reconstruction of the NSTX plasma.

The results of ORBIT modeling offer an explanation for the observed reduction of ion
loss with increasing NPA tangency radius, Rtan, beam injection energy, Eb, and toroidal field
BT noted in Sec. 3.  With regard to the beam energy scaling, higher energies drive more
beam current resulting in increased peaking of the current profile in the core.  As a result,
the q-profile should be more monotonic causing the modes to be shifted closer to the core
thus reducing the resonant ion loss.  This q dependence can be seen in Figure 11b where
departure of the q scaling factor from 1.0 reduces the passing particle loss for Eb = 80 keV.
With regard to toroidal magnetic field scaling, increasing field modifies the mode structure
of the magnetic perturbation as modeled by ORBIT. From Mirnov coil observations, larger
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B reduces dB/B and decreases ion loss as seen in Figure 12.  With regard to diminished

loss with increasing NPA tangency radius, the NPA spatial localization at the NB
intersection diminishes with increasing Rtan and the observation region becomes out-shifted
to include a greater fraction of trapped particles that are not affected by the MHD-induced
ion loss according to the ORBIT modeling.  Unfortunately, these plausible explanations of
the MHD-induced energetic ion loss scaling cannot be adequately verified at this time
because the evolution of discharge parameters was not sufficiently controlled in the
available database shown in Table 1.

The ORBIT analysis with the modeled field perturbation indicated that neutral beam
power loss due to magnetic perturbations is at most ~ 15% whereas TRANSP analysis
yields ~ 20% in order to match the neutron rate and the measured NPA spectrum.  The
ORBIT analysis indicated that only passing particles are lost, although is it possible for
trapped ions to be diffusively transported by low-n MHD activity [60].   Note that the fast ion
diffusion model in TRANSP does not discriminate between passing and trapped ions.
However, it may be possible that ORBIT somewhat underestimates the MHD-induced ion
loss, since the magnetic perturbation used in the code is a simplified representation of the
more complex experimentally observed MHD activity.  Overall, however, agreement
between the codes can be viewed as remarkably good especially given the very different
modeling basis used in ORBIT and TRANSP.

These issues aside, it is clear that MHD-induced energetic ion loss needs to be taken
into account in power balance and transport analysis.  Without a physics-based model for
this process, the only convenient mechanism to accomplish this in TRANSP is to force a
match between the calculated and measured neutron rates.  Another approach is to
introduce a 20 – 40 ms ‘notch’ in NB injection during the MHD-induced ion loss phase.
The fast ion diffusion model in TRANSP can then be tuned to match the measured neutron
decay rate, thus experimentally establishing an appropriate value for the fast ion diffusivity.
Such an approach would be contingent upon continuation of the H-mode and MHD-
induced ion loss during the notch as well as minimal perturbation to other discharge
parameters of importance.



25

The MHD-induced energetic ion loss during H-modes generates a “bump-on-tail”
beam ion distribution as seen in Figure 5. One can ask whether this bump-on-tail
distribution drives high frequency Alfvén activity [20].  For the database given in Table 1,
Mirnov spectrograms consistently show high frequency activity during H-modes, but the
scenario is confused by other semi-concurrent events such as turn on of an addition beam
source.  However, even for SN109828 shown in Figure 10 where H-mode onset occurs
well after turn on of the second neutral beam there is no significant change in Mirnov
activity during the H–mode phase.  Thus with the caveat of a limited database, it appears
that the bump-on-tail energetic ion distribution generated by MHD-induced ion loss does
not drive Alfvén activity in NSTX.

8. Summary

In quiescent or MHD benign NSTX discharges, NPA measurements of the
energetic beam ion distribution are consistent with classical behavior. The appearance of
strong MHD activity can have a variety of effects on both the ‘thermal’ (E ~ 0.5 – 10 keV)
and ‘energetic’ (E ~ 10 – 100 keV) ion populations in NSTX.  For example, onset of an n =
1 or n = 2 mode often leads to a rollover and relatively slow decay of the energetic ion
population and, consequently, the neutron yield.  The effect of reconnection events,
sawteeth and bounce fishbones differs from that observed for MHD modes.  In these
cases, prompt loss of the energetic ion population occurs on a time scale of ≤ 1 ms along
with a sharp drop in the neutron yield.

This paper focused on energetic ion loss during H-mode operation in NSTX induced
by low-n, low frequency MHD activity.  After H-mode onset, the NPA charge exchange
spectrum usually exhibits a significant loss of energetic ions only for E > Eb/2 where Eb is
the beam injection energy, though in rare cases the loss was observed to extend down to
Eb/3.   The magnitude of the energetic ion loss was observed to diminish with increasing
values of the tangency radius, Rtan, of the NPA sightline, toroidal field, BT, and NB injection
energy, Eb.

TRANSP modeling indicates that the effect is driven by the high, broad density
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profiles endemic to H-modes.  The postulated mechanism is that a pressure-driven
evolution of the q profile introduces low-n MHD activity whilst the beam deposition profile
broadens to feed passing and trapped ions into the MHD active region. It must be
emphasized the MHD-induced ion loss mechanism is a pressure profile effect, which can
sometimes occur in unusually high density L-mode discharges, but almost always is
observed in H-mode discharges because of the nature of the electron density profile.

ORBIT analysis supported the observed energy dependence of the ion loss and
implied that the calculated ~15% energetic ion loss involved only passing ions. A fast ion
diffusion model in TRANSP utilized to emulate the MHD-induced energetic ion loss
indicated that ~ 20% loss of the neutral beam input power was needed in order to match
the neutron rate and the measured NPA spectrum.

Accounting for MHD-induced energetic ion loss increases the plasma energy
confinement time, but reduces the neutron yield and the toroidal beta. A proper accounting
of energetic ion loss is therefore important for accurate analysis of power balance and
transport in plasmas exhibiting MHD-induced energetic ion loss.

The observed scaling of this loss indicates that MHD-induced energetic ion loss can
be ameliorated to a significant degree by increasing the neutral beam injection energy
and/or the toroidal field.  On the other hand, since MHD-induced energetic ion loss is
seldom observed in L-mode discharges, NSTX could be operated in L-mode rather than
H-mode.  However, this is likely not an attractive option since H-mode operation plays a
significant role in extending many other NSTX performance parameters of interest.
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Figure Captions

Figure 1. The Neutral Particle Analyzer (NPA) on NSTX views across the three neutral
beam injection sources and can be scanned over a wide range of sightline tangency radii,
Rtan, on a shot-to-shot basis. Rtan, is the perpendicular distance between the machine
center and the NPA sightline.

 Figure 2a. Shown is the NPA measurement of the NB ion distribution versus energy and
NPA tangency radius near the start of neutral beam injection.  The spectrum peaks around
the beam injection tangency radius, RNB"~ 0.6 m, and the full, half and third beam energy

components are evident.  The spectrum is highly anisotropic with the ion population
depleting with decreasing NPA tangency radius, which corresponds to decreasing pitch
angle.

Figure 2b. Shown is the NPA measurement of the anisotropic NB ion distribution versus
energy and NPA tangency radius after approximately one slowing down time. Compared to
Figure 2a, the beam fractional energy components are not as evident due beam slowing
down.  Evidence of the spectrum filling in below the critical energy, Ecrit ~ 15 keV due to
pitch angle scattering can be seen.

Figure 3.  Following onset of the H-mode at 230 ms, the NPA spectrum (top panel) shows
significant ion loss only for energies Eb/2 < E ≤ Eb (encircled region).  This ion loss starts at
t = 280 ms concurrently with onset of n = 2 mode activity (lower panels).

Figure 4.  The MPTS electron density profiles (top panel) correspond to times flagged by
color-coded solid circles on the line integral density curve (lower panel).  In the electron
density profile plot, the shaded region denotes the approximate radial location of the
source of the NPA signal.
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Figure 5.  The TRANSP code is capable of simulating NPA flux measurements.  The
measured and simulated energetic ion spectra are compared for times t = 180 ms
preceding the H-mode and t = 400 ms during the H-mode (top panel).  The spectra are
normalized once at 30 keV for the pre H-mode case.  Note that for clarity an artificial offset
has been applied to the “during H-mode” spectra. As shown in the bottom panel, TRANSP
significantly overestimates the neutron yield following MHD onset during the H-mode
phase.

Figure 6. The magnitude of the energetic ion loss (decrease of SNPA in the region Eb/2 < E ≤
Eb) was observed to diminish with increasing tangency radius, Rtan, of the NPA sightline
and with increasing NB injection energy, Eb.

Figure 7.  The NPA signal is localized to a certain extent by beam neutrals.  In this case,
approximately 2/3 of the integrated flux originates from the NPA/NB intersection region
where ions are deposited on passing orbits. The remainder originates in the outboard
region of the plasma where ions are more likely to be deposited on trapped orbits.
Localization of the NPA signal weakens with decreasing NPA tangency radius due to
attenuation of the beam neutrals.

Figure 8. Variation of pitch sampled by the NPA as a function of viewing tangency radius is
shown.  For a large part of the NPA scan range, Rtan, ~ 30 – 120 cm, the diagnostic signal
is weighted towards passing ions.

Figure 9. TRANSP analysis suggests that H-mode operation enhances MHD-induced
energetic ion loss.  The pressure profile generated by the H-mode evolves the q-profile to
permit low-n MHD activity (right column) while shifting neutral beam deposition into the
MHD active region (left column). This synergism between MHD activity and outward shift of
the neutral beam deposition leads to the enhanced energetic ion loss observed in H-mode
discharges.
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Figure 10.  A discharge is shown that definitively demonstrates the synergism between
MHD activity and outward shift of the neutral beam deposition that leads to enhanced
energetic ion loss in H-mode discharges. It can be seen that the n = 1,2,3 activity setting in
at 300 ms appears to have little or no effect on the neutron and NPA signals. However, at
the H-mode transition a marked decrease of the NPA signal occurs followed by a drop in
the neutron rate.  Thus is can be concluded that MHD activity alone does not induce
significant ion loss but that MHD activity in conjunction with H-mode does.

Figure 11.  Results of NPA signal flux modeling for two injection energies Eb = 80, 40 keV
are shown.  The modeled flux is displayed as a function of mode amplitude a0 (a) and the

scaling factor of the q-profile (b).  ORBIT code modeling shows that resonant loss occurs
for E > Eb/2 but not for lower energies, in agreement with NPA measurements.

Figure 12.  ORBIT modeling shows that resonant loss of order 10% - 15% occurs for E >
Eb/2 but not for lower energies, in agreement with NPA observations.

Figure 13. The measured neutron rate and simulated neutron rates with fast ion diffusion
(108730M07) and without fast ion diffusion (108730M08) are shown.  The fast ion diffusion
in TRANSP is increased so as to match the calculated and measured neutron rates.

Figure 14. Comparison of TRANSP ion spectra with and without fast ion diffusion against
NPA measurements for SN108730 at t = 400 ms.

Figure 15.  TRANSP calculations of neutral beam power to electrons and ions (upper
panel) for SN108730 without energetic ion diffusion (blue curves) and with energetic ion
diffusion (red curves) and NB fast ion power loss (lower panel) are shown.

Figure 16.  TRANSP calculation of ion power balance at t = 400 ms with and without fast
ion diffusion for SN108730 is shown.  Iheat is the total ion heating, Qie is the power
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transferred from ions to electrons (which is negative because Ti > Te) and Pcondi is the ion
conduction power loss.

Figure 17.  TRANSP calculation of electron power balance at t = 400 ms with and without
fast ion diffusion for SN108730 is shown. Eheat is the total electron heating, Qie is the power
transferred from ions to electrons (which is positive because Ti > Te) and Pconde is the
electron conduction power loss.

Figure 18. TRANSP calculation of power balance diffusivities at t = 400 ms with and
without fast ion diffusion for SN108730 is shown. In the core region, 

† 

cf  <<  ce  ~ ci
Fast <

ci   ~ci
NC with and without fast ion diffusion. In the mid-radius region, 

† 

cf  <   c i  <  ci
NC ~

ce ~  ci
Fast both with and without the fast ion diffusion model, though it can be seen that fast

ion diffusion modestly reduces  ce but markedly reduces  ci.

Figure 19. TRANSP calculation of thermal energy confinement time (a) and toroidal beta
(b) at t = 400 ms with and without fast ion diffusion for SN108730 is shown. For this case,
accounting for energetic ion loss increased the thermal energy confinement, tE, by ~ 15%

and reduced the toroidal beta, bT, by ~7%.

Figure 20. The NPA energetic ion spectrum and its approximation at high energy by the
slowing down distribution without loss (solid line) and with finite loss time (dashed line) is
shown. From analysis of the energy spectrum, the energetic ion loss time can be estimated
to be on the order of 4 ms.
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Figure 1. The Neutral Particle Analyzer (NPA) on NSTX views across the
three neutral beam injection sources and can be scanned over a wide
range of sightline tangency radii, Rtan, on a shot-to-shot basis. Rtan, is the
perpendicular distance between the machine center and the NPA sightline.
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Figure 2a. Shown is the NPA measurement of the NB ion distribution versus
energy and NPA tangency radius or near the start of neutral beam injection.
The spectrum peaks around the beam injection tangency radius, RNB"~ 0.6
m, and the full, half and third beam energy components are evident.  The
spectrum is highly anisotropic with the ion population depleting with
decreasing NPA tangency radius, which corresponds to decreasing pitch
angle.
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Figure 2b.  Shown is the NPA measurement of the anisotropic NB ion distribution
versus energy NPA tangency radius after approximately one slowing down time.
Compared to Figure 2a, the beam fractional energy components are not as evident
due beam slowing down.  Evidence of the spectrum filling in below the critical
energy, Ecrit ~ 15 keV due to pitch angle scattering can be seen.
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Figure 3.  Following onset of the H-mode at 230 ms, the NPA spectrum (top
panel) shows significant ion loss only for energies Eb/2 < E ≤ Eb (encircled
region).  This  loss starts at t = 280 ms concurrently with onset of n = 2 mode
activity (lower panels).
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Figure 4.  The MPTS electron density profiles (top panel) correspond to times
flagged by color-coded solid circles on the line integral density curve (lower
panel).  In the electron density profile plot, the shaded region denotes the
approximate radial location of the source of the NPA signal.
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Figure 5.  The TRANSP code is capable of simulating the NPA flux measurements.  The
measured and simulated energetic ion spectra are compared for times t = 180 ms
preceding the H-mode and t = 400 ms during the H-mode (top panel).  The spectra are
normalized once at 30 keV for the pre H-mode case.  Note that for clarity an artificial
offset has been applied to the “during H-mode” spectra. As shown in the bottom panel,
TRANSP significantly overestimates the neutron yield following MHD onset during the
H-mode phase.
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Figure 6. The magnitude of the energetic ion loss (decrease of SNPA in the region
Eb/2 < E ≤ Eb) was observed to diminish with increasing tangency radius, Rtan, of
the NPA sightline and with increasing NB injection energy, Eb.
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Figure 7.  The NPA signal is localized to a certain extent by beam neutrals.  In this
case, approximately 2/3 of the integrated flux originates from the NPA/NB
intersection region where ions are deposited on passing orbits. The remainder
originates in the outboard regions of the plasma where ions are more likely to be
deposited on trapped orbits. Localization of the NPA signal weakens with
decreasing NPA tangency radius due to attenuation of the beam neutrals.
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Figure 8. Variation of pitch sampled by the NPA as a function of viewing
tangency radius is shown.  For a large part of the NPA scan range, Rtan, ~
30 – 120 cm, the diagnostic signal is weighted towards passing ions.
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Figure 9.  TRANSP analysis suggests that H-mode operation enhances MHD-induced
energetic ion loss.  The pressure profile generated by the H-mode evolves the q-profile to
permit low-n MHD activity (right column) while shifting neutral beam deposition into the MHD
active region (left column). This synergism between MHD activity and outward shift of the
neutral beam deposition leads to enhanced energetic ion loss observed in H-mode
discharges.
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Figure 10.  A discharge is shown that definitively demonstrates the synergism between
MHD activity and outward shift of the neutral beam deposition that leads to enhanced
energetic ion loss in H-mode discharges. It can be seen that the n = 1,2,3 activity that
sets in at 300 ms appears to have little or no effect on the neutron and NPA signals.
However, at the H-mode transition a marked decrease of the NPA signal occurs
followed by a drop in the neutron rate.  Thus is can be concluded that MHD activity
alone does not induce significant ion loss but that MHD activity in conjunction with H-
mode does.
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Figure 11. Results of NPA signal flux modeling for two injection energies Eb = 80, 40 keV are
shown.  The modeled flux is displayed as a function of mode amplitude a0 (a) and the scaling
factor of the q-profile (b).  ORBIT code modeling shows that resonant loss occurs for E > Eb/2 but
not for lower energies, in agreement with NPA measurements
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Figure 12.  ORBIT modeling shows that resonant loss of order 10% -
15% occurs for E > Eb/2 but not for lower energies, in agreement with
NPA observations.
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Figure 13. The measured neutron rate and simulated neutron rates with fast
ion diffusion (108730M07) and without fast ion diffusion (108730M08) are
shown.  The fast ion diffusion in TRANSP is increased so as to match the
calculated and measured neutron rates.
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Figure 15. TRANSP calculations of neutral beam power to electrons and ions
(upper panel) for SN108730 without fast ion diffusion (blue curves) and with
fast ion diffusion (red curves) and NB fast ion power loss (lower panel) are
shown.
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Figure 16.  TRANSP calculation of ion power balance at t = 400 ms with and
without fast ion diffusion for SN108730 is shown.  Iheat is the total ion heating,
Qie is the power transferred from ions to electrons (which is negative because
Ti >Te) and Pcondi is the ion conduction power loss.
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Figure 17.  TRANSP calculation of electron power balance at t = 400 ms with and
without fast ion diffusion for SN108730 is shown.  Eheat is the total electron heating,
Qie is the power transferred from ions to electrons (which is positive because Ti >Te)
and Pconde is the electron conduction power loss.
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Figure 18. TRANSP calculation of power balance diffusivities at t = 400 ms
with and without fast ion diffusion for SN108730 is shown. In the core
region, 
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Figure 19. TRANSP calculation of thermal energy confinement time (a) and
toroidal beta (b) at t = 400 ms with and without fast ion diffusion for SN108730
is shown.  For this case, accounting for fast ion loss increased the thrmal
energy confinement, tE, by ~ 15% but reduced the toroidal beta, bT, by ~7%.
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Figure 20.  The NPA energetic ion spectrum and its approximation at high
energy by the slowing down distribution without loss (solid line) and with
finite loss time (dashed line) is shown. From analysis of the energy
spectrum, the energetic ion loss time can be estimated to be on the order
of 4 ms.
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